We present an ab initio simulation of short-range tip-surface interactions in the atomic force microscopy on the InP͑110͒ surface with a neutral Si tip. Vertical scans over both types of surface atoms and a number of lateral scans ͑total energies and tip-surface forces͒ are calculated at the generalized gradient approximation level of the density-functional theory. Force calculation is used to estimate the frequency shift in real experiments in the frequency modulation mode. Analysis of the experimental results is performed on the basis of the simulation results. In particular, they provide an indication as to why only one ͑P͒ sublattice is experimentally observable with the Si tip. ͓S0163-1829͑99͒10039-0͔
I. INTRODUCTION
Atomic force microscopy 1 ͑AFM͒ is a surface-science method used to determine the atomic surface structure of both conductors and insulators. The main idea of this method is based on measuring the force between the sample surface and the tip. The atomic resolution could only be achieved in the non-contact operating mode in ultrahigh vacuum ͑UHV͒, 2, 3 where the tip operates in an attractive regime. Since direct measurement of the force in this mode is not currently feasible, indirect methods for the measurement of tip-surface forces have been developed, such as the frequency modulation ͑FM͒ detection mode. 4 In the FM AFM the tip is mounted on a cantilever that oscillates with a known amplitude and frequency. As the tip comes to proximity of the surface, the tip-surface interaction causes a change of the oscillation frequency. In the usual operation mode, the frequency-shift mode, a scan at a constant frequency shift generates a topography of the atomic surface structure. By its nature AFM, probing the tip-surface interaction, is generally believed to be more directly related to the surface atomic structure than the scanning tunneling microscope ͑STM͒.
After the pioneering experiment by Giessibl, 2 which showed that atomic resolution with the FM AFM technique was feasible on the Si͑111͒-7ϫ7 surface, more experiments have appeared on reactive semiconductor ͑110͒ surfaces such as InP͑110͒, 5, 6 GaAs͑110͒, and InAs ͑110͒. 7, 8, 9 Recently, theoretical studies have started to shed light on the imaging mechanism of the FM AFM and on the delicate nature of the tip-surface interactions. [10] [11] [12] Both experiments 13, 14 and theoretical investigations 11, 12, 15 revealed that the short-range chemical type of tip-surface interaction may be responsible for atomic resolution of the AFM. In this paper, we study the short-range ͑ϳ5 Å͒ tip-surface interactions on the InP͑110͒ surface, which provide insights into the FM AFM experiments of Sugawara et al. on the same surface. 5, 6 In addition, these results are also relevant for the experimental FM AFM results on related surfaces such as GaAs͑110͒ ͑Ref. 7͒ and complementary to the theoretical study of the tip-surface interactions by Ke et al. 16 on the GaAs͑110͒ surface. The experimental FM AFM images showed a lattice of elliptically shaped bright spots, which were interpreted as showing just one ͑anion͒ sublattice. [5] [6] [7] For a number of reasons theoretical analysis of these results is rather complicated. These are as follows: ͑i͒ The nature of the tip-surface interaction is complicated as most studies 11, 12, 15, 7 indicated that the atomic resolution in the FM AFM comes from the ''chemical'' interaction; ͑ii͒ Due to the large amplitude and low-tip oscillation frequency a direct atomistic simulation of the cantilever dynamics is not feasible in principle; ͑iii͒ The early ideas suggesting that the quantity probed by the FM AFM experiments was the force gradient of the tip-surface interaction were shown to be oversimplified. 7 One possible approach to the tip dynamics is the use of perturbation theory 10 as the tip oscillation amplitude is in the range of hundreds of angstroms whereas the ratio of the frequency shift to the basic oscillation frequency is of the order of 0.01%. All the different applications of the perturbation theory 7 reach basically the same conclusion giving support to ͑iii͒. We briefly touch on that point in Sec. III A where we apply the perturbation theory. This approach is complemented by lateral scans that give a quick qualitative insight into the experimental images.
Our main results are as follows: ͑1͒ Using the perturbation theory and our ab initio computed vertical scans we have determined the theoretical minimum tip-surface distance, which in turn could provide an estimate of the optimum operating mode; 10 ͑2͒ The computed AFM surface corrugation is in good agreement with experiments, 5 which 
II. SIMULATION DETAILS
The most difficult part of the tip-surface interaction to model is the near contact short-range quantum-chemical part. This part is known to be well described 11, 12, 17 by the densityfunctional theory ͑DFT͒. 18 We have used the DFT in its plane-wave pseudopotential formulation. 18 The InP͑110͒ surface was modeled in a slab geometry using 4ϫ3 primitive surface unit cells. In direction perpendicular to the surface our slab consists of two free and three fixed bulk-terminated layers ͑Fig. 1͒. The unit cell size in this direction was set to 23.0 Å. With this value the minimum distance between the top layer of the tip and the bottom layer of the surface ͑caused by periodic conditions͒ was Ϸ 4 Å. This value was found sufficient. There are 60 In and 60 P atoms in the slab and 24 H atoms are used to terminate the bottom of the slab. A similar slab thickness was used by Alves et al. in the study of clean III-V surfaces. 19 Si tips have been used in the experiments 5, 6 and hence we modeled the tip by 10 Si atoms arranged in ͑111͒ planes and 15 H atoms were used to terminate the free-dangling bonds in the tip base ͑c.f. Fig. 1͒ . The idea is to saturate the dangling bonds in the tip base while leaving one dangling bond sticking out of the tip apex. The apex and its three nearestneighbor Si atoms of the tip are allowed to move, while the remaining atoms are fixed to emulate the bulk-tip termination. The free atoms were allowed to move in direction of the force, until the forces became negligible small. The sum of the forces exerted on the fixed atoms of the tip is taken to be the total tip-surface force. The properties of this tip have been extensively studied in Refs. 11 and 12 and it was shown that the results are relatively insensitive to the tip size. The total energy and forces were calculated within DFT in the generalized gradient approximation ͑GGA͒. 20 The implementation of the GGA functional followed Ref. 21 . The energy cutoff was set to E cut ϭ8 Ryd. This value was found to produce converged structures for the clean InP͑110͒ surface. 19 In particular, our computed value of the surface buckling ⌬ 1,Ќ ϭ0.645 Å is in perfect agreement with that of Ref. 19 . Optimized nonlocal pseudopotentials 22, 23 were used for all elements except for H, which was described by bare Coulomb potential. Brillouin zone was sampled at the ⌫ point. The effect of this sampling on the resulting tip-surface interaction for reactive surfaces with similarly sized unit cells was in detail studied in Ref. 12 . The total energy was calculated using the conjugate gradients techniques 24 with the accuracy of 1ϫ10 Ϫ4 eV; the threshold for the ionic force convergence was set to 2ϫ10 Ϫ2 eV/ÅϷ3.2ϫ10 Ϫ2 nN. We have performed simulations of the operation of the AFM apparatus by making stepwise small static movements of the tip in both horizontal and vertical directions. As the tip oscillation frequencies are many orders of magnitude lower than frequencies typical for the atomic motion we expect that these simulations provide an accurate description of the imaging process. In this manner we performed calculations of both vertical ͑over the P and In atoms͒ and horizontal scans, henceforth called displacement curves and lateral scans, respectively. The tip orientations along with the directions of the lateral scans are shown in Fig. 2 . There is a difficulty to determine the tip-surface distance, since both the tip and the surface undergo pronounced relaxations as the tip comes to close proximity of the surface. Hence, the tip-surface distance is defined by the distance of the fixed layers subtracted from the thickness of the free layers before the mutual tipsurface interaction is switched on ͑c.f. Fig. 1͒ . This definition is also useful for determination of the frequency shift by the perturbation theory. The atomic relaxations leading to the differences between the ''tip-surface'' and ''apex-surface atom'' distances have been discussed in Ref. 12 .
III. SIMULATION RESULTS
The FM AFM experiments could be analyzed by simulating the vertical tip oscillation, which in turn would require the knowledge of the displacement curves over the whole area of the surface unit cell. The tip motion could be described either in a perturbation approach or by directly simulating the tip oscillation. In either case the problem with this approach is that in order to generate a computed image, which could be compared to the experimental AFM image or just to map out an AFM image of an atom would require an inordinate number of calculations and analyses, which is currently not feasible in an ab initio manner. Because of this limitation we follow the perturbation theory approach in Sec. III A just for the tip positions on top of the P and In atoms. In order to get a quick qualitative insight into the experimental images we have performed a number of lateral scans to be discussed in Sec. III B.
A. Displacement curves
The calculated displacement curves over the P and In atoms are shown in Figs. 3 and 4 . Similarly to our previous experience with the Si͑111͒-5ϫ5 surface 12 these results show pronounced deviations from functional dependences designed to describe simple bonding situations such as the Morse or Rydberg function. However, these results deviate appreciably also from the theoretical results for the Si͑111͒-5ϫ5 surface.
12 This is likely a consequence of the 1ϫ1 periodicity on the InP͑110͒ surface where the surface atoms are closer to each other compared to the adatoms on the Si͑111͒ surface. This situation favors multibond interactions between the tip and the surface on the InP͑110͒ surface. At short distance, we observe over both ions a very signifi- 4 . Short-range part of the normal ͑diamonds, pluses͒ and lateral ͑crosses, squares͒ tip-surface force over both types of the surface atoms as a function of the tip-surface distance ͑vertical scan #1 and #2 of Fig. 1͒ . Note the large lateral force acting on the tip at the In site ͑crosses͒ and to a lesser extent also over the P site ͑squares͒. This lateral force modifies the tip structure. The lines for dϾ2 Å are polynomial fits to the computed normal forces. cant surface response leading to a complicated medium range tip-induced surface relaxation. Surprisingly, the minima of the force curves over both atoms are very close to each other despite the surface buckling of the clean surface being 0.645 Å. This occurs because the P atom relaxes downwards in response to the tip whereas the In atom does not. In addition, over the In atom around dϷ2 Å we observe an onset of a large lateral force on the tip apex, which significantly modifies the tip structure. Basically, around that distance the tip dangling bond starts forming a bond to one of the nearby P atoms. This force is clearly reflected in the energy and force curves. It is interesting to compare this behavior to that of the Ga atom on the GaAs͑110͒ surface where, in addition to similar tip structure modification, a jump of the Ga atom towards the tip with a complicated hysteretic behavior occurs. 16 Moreover, in marked difference to InP, the force curve over the As atom exhibits multiple minima. 16 Hence, the GaAs͑110͒ surface in the direction perpendicular to the surface appears ''softer'' to the Si tip than the InP͑110͒ surface.
The calculated displacement curves can be analyzed using the perturbation theory. As mentioned above, the tip-surface interaction can be considered a small perturbation to the harmonic oscillations of the tip. 10 In the simplest case the Hamiltonian of the tip reads
where V p (q) is the perturbation potential, k the tip-spring constant and the frequency of the unperturbed oscillator is 0 ϭ1/2ͱk/m. The energy term E on the right-hand side of Eq. ͑1͒ indicates that the Hamiltonian is time independenti.e., energy conserved. This approach neglects the tip damping ͑infinite quality factor Q of the cantilever/tip͒ as well as the possible perturbation of the oscillation amplitude.
Using standard methods of canonical transformations 25 this Hamiltonian can be transformed to action-angle variables
The result is that for an unperturbed system, the Hamiltonian is expressed only in terms of the canonical momentum. The perturbation theory searches for new canonical coordinates, in which the entire Hamiltonian is again expressed only by the canonical momentum. 10, 25 This procedure leads to the following expression for the perturbed frequency
Here, V p is the averaged value of the perturbation over the whole path of the tip during one period. From this equation it follows that the frequency shift is not proportional to the tip-surface force gradient.
26
We have fitted the vertical part of the computed force displacement curves ͑c.f. Fig. 4͒ . Integrating these functions we have obtained the perturbation potential V p (d) for the vertical motion of the tip. 27 According to Eq. ͑1͒ this potential must be expressed in the q coordinate system. This transformation depends on ⌬, the distance between the substrate surface and the tip equilibrium position ͑Fig. 5͒. Therefore V p (q) in Eq. ͑1͒ is given by V p (q)ϭV int (⌬Ϫq). The frequency shift was then determined as a function of d min defined as the shortest distance between the tip and the surface during the whole trajectory of the tip. The other parameters that enter the calculation were taken from the experiment.
5
The calculated frequency shift and the parameters used are in Fig. 6 . Considering that ⌬ f was set to Ϫ6 Hz in the experiment, we find that d min is ϳ3.3 and ϳ3.0 Å over the P and In atom, respectively. From these numbers we estimate a surface corrugation of Ϸ0.3 Å. This value is in a good agreement with the value of the corrugation of 0.19Ϯ0.05 and 0.12 Å for ͓001͔ and ͓11 0͔ direction, respectively. 5 The latter value is more relevant. Such a good agreement is surprising for a number of reasons. Firstly, our modeling does not take into account the long-range van der Waals interactions. Secondly, we consider an ideal tip with a single unsaturated dangling bond, whereas the tip-surface interaction in a real experiment is likely be more involved. This indicates that the experiments must have been performed with a very sharp tip. It is also interesting to observe that a measurable frequency shift of Ϫ6 Hz is generated over a very shortrange distance of ϳ2 Å in the perturbation potential ͑i.e. for 3 ÅϽdϽ5 Å).
B. Lateral scans
Using the estimates for the minimum tip-surface distance from Sec. III A we have chosen to sample the lateral scans at two different tip-surface distances: 4.1 and 3.6 Å. In the short-range regime investigated here these distances are typical for very weak and stronger ''chemical'' type of tipsurface interaction. In order to cover the most important sections of the surface we have performed two scans along the In-P chain ͑scans #1 and #3 in Fig. 2͒ and one in direction perpendicular to the chain ͑scan #2 in Fig. 2͒ .
The results for scan #1 are shown in Fig. 7 . Clearly the scan taken at the smaller tip-surface distance is more corrugated. We note that the minima of both energy and force curves are positioned close to the phosphorus atoms but do not necessarily coincide with the positions of the P atoms. An interesting feature of the force curves are their ''spiky'' shapes. As shown in the lower panel of Fig. 7 this feature can be traced back to discontinuities in the lateral relaxation of some surface atoms. We attribute them to the shape of the high-dimensional potential energy surface, which causes some of the surface atoms move discontinuously over the energy barriers separating two minima as we move the tip base. Note that in energy terms these features are extremely tiny and would be washed out at finite temperatures. We have checked that these spikes are genuine features of the force curves. All lateral scans were computed by making small lateral displacements to the tip taking the initial tip and surface atomic structures from the previous step and performing a complete electronic/ionic relaxation. In scan #2 we have recalculated two points ͑c.f. Fig. 7͒ by bringing a pristine surface and tip to the required tip-surface distance. As can be seen the results of the two calculations coincide to within the threshold of our force optimization, corroborating the genuine character of the force curves. In the scan #2, the minima of the curves are again close to the P atoms albeit not necessarily coinciding with the atomic positions. Moreover, there is an asymmetry in the curves, which we attribute to the polar covalent character of the In-P bond causing the centroid of the bond charge to be displaced towards but not coincide with the position of the P atom. The fact that most of the reactive charge responsible for the minima in the lateral scans floats on the P atoms is reflected in the results of scan #3 shown in Fig. 7 . Since most of the reactive charge is located away from the In atoms, the tip does not ''see'' any corrugation in the scan direction #3 despite the magnitude of both the energies and forces being comparable to that in the other scan directions. From this we conclude that, given the charge distribution, it would be difficult to significantly enhance the resolution of the In atoms even if the tip could come closer to the In atom.
IV. SUMMARY AND CONCLUSIONS
We have used ab initio total energy techniques to investigate the short-ranged chemical type of tip surface interactions in the non-contact AFM for InP͑110͒ surface probed by a silicon tip. Our calculations give an insight into why only the anion lattice is experimentally observed on the III-V surfaces. Comparison of these results with those for the GaAs surface 16 reveals a number of striking differences. Most of them are manifestation of the fact that the Si tip sees much a ''softer'' potential energy surface over the GaAs surface than over the InP surface. However, most of these differences may not appear in the FM AFM images as the experiments operate further away from the surface. Our results also indicate that, due to the chemical nature of the tip-surface interactions, the spots in the experimental images may not coincide with the positions of the atoms. This may be important if adsorbates or defects are imaged. These conclusions have been reached from very simple modeling with a very sharp tip and excluding the van der Waals interactions. The fact that the AFM surface corrugation computed in the perturbation theory is in a reasonable agreement with the experimental value strongly suggests that the experiments have been done with very sharp tips and that it is indeed the chemical type of interaction responsible for the atomic resolution. Using identical model for the tip-surface interaction on the Si͑111͒-5ϫ5 surface 11, 12 a similar semiquantitative agreement with the experiments 2 has been achieved. However, the complexity of this interaction further complicated by deformation of both the tip and the surface during the imaging process suggests that, contrary to the naive expectation, interpretation of the experimental AFM images may be of comparable complexity to that of STM. In the scan #2 the arrows indicate the two points recalculated by bringing pristine tip and surface to the distance of 3.6 Å.
